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ABSTRACT: Redox flow batteries (RFBs) present unique opportunities for multi-hour
electrochemical energy storage (EES) at low cost. Too often, the barrier for implementing
them in large-scale EES is the unfettered migration of redox active species across the
membrane, which shortens battery life and reduces Coulombic efficiency. To advance RFBs
for reliable EES, a new paradigm for controlling membrane transport selectivity is needed.
We show here that size- and ion-selective transport can be achieved using membranes
fabricated from polymers of intrinsic microporosity (PIMs). As a proof-of-concept
demonstration, a first-generation PIM membrane dramatically reduced polysulfide
crossover (and shuttling at the anode) in lithium−sulfur batteries, even when sulfur
cathodes were prepared as flowable energy-dense fluids. The design of our membrane
platform was informed by molecular dynamics simulations of the solvated structures of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) vs lithiated polysulfides (Li2Sx, where
x = 8, 6, and 4) in glyme-based electrolytes of different oligomer length. These simulations
suggested polymer films with pore dimensions less than 1.2−1.7 nm might incur the desired ion-selectivity. Indeed, the
polysulfide blocking ability of the PIM-1 membrane (∼0.8 nm pores) was improved 500-fold over mesoporous Celgard
separators (∼17 nm pores). As a result, significantly improved battery performance was demonstrated, even in the absence of
LiNO3 anode-protecting additives.

KEYWORDS: Polymers of intrinsic microporosity, ion-selective membrane, size-selective membrane, electrochemical energy storage,
redox flow battery, lithium−sulfur battery

Membranes (or separators) are critical for ionic conduction
and electronic isolation in many electrochemical devices.

For cell architectures that utilize redox-active species that are
dissolved, dispersed, or suspended in electrolyte, from fuel
cells1−3 (FCs) to redox flow batteries4−11 (RFBs), it is also
imperative that the membrane prevent active material cross-
over that would otherwise contribute to device shorting,
electrode fouling, or irrevokable loss in capacity. Unfortunately,
commercial battery separators, which feature shape-persistent
mesopores, are freely permeable to most active materials used in
RFBs.12 Alternative membrane separators have thus far relied
heavily on variants of aqueous single-ion conductors, e.g.,
Nafion,13−15 which may ultimately restrict the use of certain
types of flowable electrodes. Considerably less attention has been
paid to size-sieving as a mechanism to achieve membrane
selectivity, although success in this regard would allow greater
flexibility in battery chemistries. Despite the wide availability of
porous materials16 that might serve effectively as membrane
components, including zeolites,17 metal−organic frameworks,18−20
covalent organic frameworks,21 carbon nanotubes,22−24 cyclic
peptide nanotubes,25−27 and microporous polymers,28,29 rational

design rules for achieving ion-selective transport via sieving in
flow battery membranes have not been established.
Guided by theoretical calculations, we apply here polymers of

intrinsic microporosity (PIMs) as a membrane platform for
achieving high-flux, ion-selective transport in nonaqueous
electrolytes. These polymers are synthesized in a single step
and easily cast into large-area sheets with well-controlled pore
structure and pore chemistry (Figure 1).30−34 The unique
micropore architecture of PIMs arises primarily from two
molecular characteristics: (1) PIMs do not feature rotating bonds
along their backbone; and (2) they incorporate rigid sharp bends
into at least one of the constituent monomers at regular intervals
along the polymer chain. Both features contribute to frustrated
packing of polymer chains in the solid state.35 As a result, PIMs
are amorphous yet exhibit high intrinsic microporosity (<2 nm)
and high surface area (300−1500 m2 g−1).36−38 The open pore
architecture of PIMs suggested to us that they might be uniquely
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positioned for selective species transport in electrochemical
devices via sieving.
We highlight here new opportunities for PIMs to serve as ion-

selective membranes in RFBs,39−45 using lithium−sulfur (Li−S)

as a model battery chemistry. Here the lithium anode is sta-
tionary and separated, by the membrane, from the flowable
sulfur-containing catholyte.46,47 This RFB features a high
theoretical specific energy capacity of 1670 mAh g−1 for S and

Figure 1. Ion-selective transport across membranes fabricated from PIM-1. For Li−S batteries, both stationary and hybrid flow, blocking Li2Sx (where
x ≥ 4) crossover is critical to sustaining peak battery performance. We show that membranes based on PIM-1 achieve high transport selectivity for
LiTFSI by reducing the membrane pore dimensions to subnanometer regimes, which shuts down polysulfide crossover via a sieving mechanism. Ion flux
across the membrane is tied to overall microporosity, pore architecture, and electrolyte formulation.

Figure 2. (a) Snapshots from MD simulations nearest to the average size of solvated LiTFSI and Li2Sx (x = 4, 6, and 8) in diglyme, triglyme, and
tetraglyme. (b) Calculated radii of gyration (Rg) for Li2S4, Li2S6, and Li2S8, along with their first solvation shells, in diglyme, triglyme, and tetraglyme as
determined by MD simulations. (c) Pore size distributions for microporous PIM-1 vs mesoporous Celgard polymer membranes.
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operating voltage that exceeds 2.0 V.48−55 While these are
desirable characteristics, this battery chemistry suffers from low
Coulombic efficiency and rapid capacity fade when lithium
polysulfides (PS) crossover to and react with the metal anode
surface. Strategies seeking to mitigate PS crossover in Li−S
batteries have included the use of sacrificial anode-protecting
additives (e.g., LiNO3),

56−59 single-ion conducting mem-
branes,13,14 conductive interlayers,59−61 permselective barriers,62

and even polysulfide adsorbates.63−67 Nonetheless, continuous
Li consumption upon cycling remains a problem. Our demon-
stration here that PIM membranes block PS crossover while
allowing ions in the supporting electrolyte to traverse the
membrane with minimal impedance indicates a direct solution to
the PS crossover problem is feasible; we also show dramatically
improved battery performance when PIM membranes are in
place, rather than conventional battery separators.
To inform the rational design of a membrane platform capable

of achieving high transport selectivity for supporting electrolyte
(lithium bis(trifluoromethane)sulfonimide, LiTFSI) vs PS in Li−S
RFBs, we carried out molecular dynamics (MD) simulations of
each species’ solvated structures in different ethereal solvents,
diglyme (G2), triglyme (G3), and tetraglyme (G4), as these are
commonly used in Li−S RFBs.68−70 The simulated effective sizes
of these solvated complexes were determined by the radii of
gyration (Rg) of the solute and the first solvation shell. These
shells were typically composed of two solvent molecules, as
exemplified by the average snapshots shown in Figure 2a.We also
calculated the size of elemental sulfur, which exhibits no explicit
solvent coordination in our simulations. For this singular case, we
determined a size for S8 using its atoms’ van der Waals solvent-
excluded radii. Our determinations of Rg provide size-ranges for
selective ion transport (Figure 2b). As the primary contributors
to the shuttling currents are lithium polysulfides Li2Sx where
x ≥ 4, the membrane pore dimensions should be smaller than
1.2−1.7 nm in order to achieve ion-selective transport.
Directed by our MD simulations, we identified PIM-130 as a

possible PS-blocking membrane material for Li−S hybrid
flow cells. PIM-1 is the progenitor of a family of non-networked
ladder polymers that are mechanically71 and thermally72 robust;
pertinent to their use here, their pore dimensions are sub-nm.
PIM-1 was synthesized (200 kg mol−1) on a multigram scale
from inexpensive, commercially available monomers and cast
from solution into flexible free-standing membranes (∼10 μm
thick) (Figures 1 and S1). We determined the specific surface
area (795 m2 g−1) and pore size distribution of PIM-1 using
nitrogen adsorption isotherms (Figure 2c). PIM-1 membranes
had a nominal pore size of 0.77 nm, which is ideal for selective
transport of LiTFSI and PS blocking. This stands in stark
contrast with commercially available Celgard 2325, which has a
much larger pore size of 17 nm: far too large for size-selective
transport (Figure 2c). Celgard 2325 and similar mesoporous
polymer separators12 are commonly used in Li−S cells and serve
as a useful benchmark for new membrane materials.46 A total
porosity of ∼25% was determined for PIM-1 membranes using
ellipsometric porosimetry, which is comparable to the porosity of
Celgard 2325. As PIM-1 membranes are expected to swell to a
degree upon introduction of electrolyte, this determination
should be considered a lower limit to the available free volume.
We hypothesized that during battery operation the free

volume in PIM-1 (and PIMs generally) would become swollen
and infiltrated with electrolyte, creating an ionically percolating
solution-phase conductive network. As a result, ion flux would
be solely carried by (and be dependent on) the solution

conductivity within the pores; polymer chain dynamics, which
are orders of magnitude slower, would no longer dictate the
membrane’s ionic conductivity. To test this hypothesis, we
evaluated PIM-1’s membrane ionic conductivities in glymes of
different oligomer lengths, diglyme (G2), triglyme (G3), and
tetraglyme (G4), containing 0.50 M LiTFSI. We noted a strong
correlation between the membrane ionic conductivity and the
bulk solution ionic conductivity73 of the electrolyte (Figure 3a).

These results indicate that the ion current is indeed carried by
the infiltrating electrolyte, as predicted. This behavior was also
observed in Celgard separators (Figure 3a). By comparing
the membrane ionic conductivities for Celgard and PIM-1, we
found that reducing the pore dimensions from 17 to 0.77 nm,
respectively, only decreased membrane ionic conductivity
10-fold. We also found that electrolytes based on diglyme
provided the highest membrane ionic conductivity for both
platforms and was thus chosen as the supporting electrolyte for
all subsequent experiments.
To quantify the polysulfide-blocking ability of PIM-1 vs

Celgard, we performed membrane crossover experiments in

Figure 3. (a) Ambient temperature ionic conductivity of microporous
PIM-1 vs mesoporous Celgard membranes infiltrated with different
electrolyte formulations: 0.50 M LiTFSI in diglyme (G2), triglyme
(G3), or tetraglyme (G4). (b) Time-evolution of the concentration of
PS in the permeate (left) of H-cells configured with either a Celgard
(black) or a PIM-1 (green) membrane. The retentate was charged with
an initial concentration of 2.5 M S as Li2S8 in diglyme containing 0.50 M
LiTFSI and 0.15MLiNO3. The concentration of PS in the permeate was
determined electrochemically.
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H-cells configured with dissolved PS (2.5 M S as Li2S8 in diglyme
containing 0.50 M LiTFSI and 0.15 M LiNO3) on the retentate
side and PS-free electrolyte on the permeate side (Figure 3b,
inset). The concentration of PS over time was then moni-
tored electrochemically on the permeate side using either cyclic
voltammetry or square wave voltammetry, where current could
be correlated to concentration of PS via a calibration curve
(Figures S2 and S3). Using an initial rate approximation, the
diffusion coefficient of PS across the membranes were calculated
to be 6.8 × 10−8 cm2 s−1 for Celgard and 1.3 × 10−10 cm2 s−1 for
PIM-1 (∼500-fold reduction). This is compelling evidence that
PS are screened by a size-sieving mechanism within PIM-1’s
ionically percolating micropore network, as hypothesized.
This PS-blocking ability comes at minimal expense to overall
membrane ionic conductivity compared to Celgard, thus
highlighting the value in guiding membrane design through
careful examination of the solvated structures of ions vs redox
active species in the electrolyte.
Given the outstanding PS-blocking ability of the PIM-1

membrane, their performance in Li−S batteries was tested
employing soluble sulfur catholytes. To do so, Swagelok cells
were assembled with Li-metal anodes, polysulfide catholytes
(2.5 M S as Li2S8 in diglyme containing 0.50 M LiTFSI), and
Celgard or PIM-1 membranes. Lithium anodes were scraped to
reveal a fresh surface prior to cell assembly. Seeking to isolate
the membrane’s influence on mitigating PS shuttling currents,
LiNO3 additives were deliberately avoided in the electrolyte
formulation. Moreover, to improve sulfur utilization, 5 wt %
Ketjenblack was employed as an embedded current collector in
the catholyte.42,46 Three break-in cycles at C/10 were used to
equilibrate PIM-1’s membrane microenvironments before
cycling at a C/8 rate. Overall, higher capacity fade was observed
for both types of cells during the break-in due to the ample time
allowed for polysulfide shuttling. The Li−S cells configured
with Celgard membranes exhibited a drastic capacity fade
from∼150WhL−1 after the break-in cycles to less than 20WhL−1

within the first 20 cycles, all at a C/8 rate. In contrast, batteries
configured with PIM-1 membranes exhibited higher capacity at
all cycles, sustaining 50Wh L−1 at the end of 50 cycles (Figure 4a).
The performance of PIM-1 membranes was further improved
with the addition of LiNO3 as an anode-protecting additive, with
a sustained capacity of approximately 100 Wh L−1 after 50 cycles
(Figure 4a) and stable cycling at rates as high as C/4 (Figure 4b).
These results represent improvements in capacity retention over
related work with Li−S flow cells, particularly in the absence of
LiNO3, and highlight the possibility for combining our
membrane approach with other strategies to mitigate the effects
of polysulfide crossover.59,74

Conclusion. Redox flow batteries present unique oppor-
tunities for low-cost, multi-hour energy storage, but also limi-
tations. In order for RFBs to mature as a deployable technology,
their longevity should be greatly improved for battery chem-
istries offering high-power performance. Toward that end, we
highlighted the transport needs for membranes employed in
nonaqueous Li−S cells, where the cathode was formulated
as an energy-dense, flowable solution of polysulfides with
Ketjenblack as an embedded current collector. We showed that
rational principles for membrane design emerge from molecular
dynamics simulations of the solvated structures of S8, Li2Sx
(x = 8, 6, or 4), and LiTFSI in different electrolytes, and more
specifically, that their calculated radius of gyration places an
upper limit of 1.2−1.7 nm on the pore dimensions required for
polysulfide blocking. Indeed, we showed that membranes

processed from polymers of intrinsic microporosity exhibited
unprecedented blocking characteristics for soluble polysulfides
owing to their sub-nm pore dimensions. This blocking ability led
to significantly improved device performance with respect to
capacity fade and other important metrics. Given that the pore
size, pore chemistry, and overall porosity for PIMmembranes are
tunable using molecular engineering and polymer processing, the
membrane’s transport characteristics can be tailored to suit a
broad spectrum of electrochemical devices, including stationary
batteries and fuel cells. Our success suggests a revolution in
ion-transporting membranes is within reach.
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Figure 4. (a) Volumetric energy density as a function of cycle number
for Celgard membrane with no LiNO3 (black circles), PIM-1 membrane
with no LiNO3 (light green circles), and PIM-1 membrane with LiNO3
additive (dark green circles). (b) Rate performance of PIM-1 membrane
with LiNO3 additive.
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